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ABSTRACT
We combine MUSE and ALMA observations with theoretical models to evaluate how a
tadpole-shaped globule located in the Carina Nebula has been influenced by its environment.
This globule is now relatively small (radius ∼ 2500 au), hosts a protostellar jet+outflow
(HH 900) and, with a blue-shifted velocity of ∼ 10 km s−1, is travelling faster than it should be
if its kinematics were set by the turbulent velocity dispersion of the precursor cloud. Its outer
layers are currently still subject to heating, but comparing the internal and external pressures
implies that the globule is in a post-collapse phase. Intriguingly the outflow is bent, implying
that the YSO responsible for launching it is comoving with the globule, which requires that
the star formed after the globule was up to speed since otherwise it would have been left
behind. We conclude that the most likely scenario is one in which the cloud was much larger
before being subject to radiatively-driven implosion, which accelerated the globule to the high
observed speeds under the photoevaporative rocket effect and triggered the formation of the
star responsible for the outflow. The globule may now be in a quasi-steady state following
collapse. Finally, the HH 900 YSO is likely & 1 M and may be the only star forming in the
globule. It may be that this process of triggered star formation has prevented the globule from
fragmenting to formmultiple stars (e.g., due to heating) and has produced a single higher mass
star.
Key words: HII regions, (ISM): jets and outflows, (ISM:) individual: NGC 3372, photodis-
sociation region (PDR), stars: formation
1 INTRODUCTION
Most star formation happens in large aggregates that form both low-
and high-mass stars. In these regions, feedback from the high-mass
stars heats the gas (e.g., Guzmán et al. 2015; Marsh et al. 2017; Lee
& Hopkins 2020), may accelerate the destruction of protoplanetary
disks (e.g., Mann & Williams 2010; Mann et al. 2014; Eisner et al.
2018), and ultimately destroys the star-forming cloud (e.g., Matzner
2002; Murray et al. 2010; Chevance et al. 2019).
Stellar feedback clearly affects the surrounding gas, but how
it impacts current and subsequent star formation is less straight-
forward. Ionizing radiation and supernova shocks may provide an
impulse to otherwise stable cores, driving them to collapse (e.g.,
Boss et al. 2008; Gritschneder et al. 2012; Li et al. 2014). Most
observational studies of triggered star formation rely on the spatial
? E-mail: megan.reiter@stfc.ac.uk (MR)
coincidence of dense gas, young stars, and a nearby high-mass star
or collection of stars, although this does not demonstrate a causal
connection (see, e.g., Desai et al. 2010; Dale et al. 2015).
Multiple theoretical models have examined the mechanics of
triggered star formation (e.g., Sandford et al. 1982; Bertoldi 1989;
Lefloch&Lazareff 1994; Esquivel &Raga 2007; Gritschneder et al.
2009; Miao et al. 2009; Mackey & Lim 2010; Bisbas et al. 2011;
Haworth & Harries 2012; Haworth et al. 2012, 2013). Radiatively-
driven implosion (RDI) models typically start with a stable Bonnor-
Ebert sphere that is illuminated with radiation of different intensi-
ties. Historically, cloud morphology and mass-loss rates provided
the best observational tests of simulations as cold gas and dust in
individual cores was difficult or impossible to resolve at the typical
distances of high-mass star-forming regions (& 2 kpc).
Bright-rimmed clouds have long been observed in H ii regions
(e.g., Bok 1948; Pottasch 1956;Dyson 1968;Reipurth 1983; Lefloch
et al. 1997; Thompson et al. 2004; Urquhart et al. 2004; Smith et al.
© 2015 The Authors
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2004; Gahm et al. 2007; Morgan et al. 2008, 2009; Gahm et al.
2013a). Narrowband images help constrain the physical properties
of these objects, especially the nature of the ionization front. In some
cases, mass estimates have also been derived from these images,
although these are often uncertain and differ substantially from
masses derived from molecular line observations (e.g., Gahm et al.
2007, 2013a; Haikala et al. 2017; Reiter et al. 2015, 2019, 2020).
Millimeter line observations from single-dish telescopes (where
beamsizes are often an order of magnitude larger than the size
of these small clouds) provide demographic differences between
globules in different regions (e.g., Haikala et al. 2017), but cannot
constrain the physical properties in the cold molecular gas of the
unresolved clouds.
With the advent of integral field unit spectrographs like the
Multi-Unit Spectroscopic Explorer (MUSE, Bacon et al. 2010) and
sensitive interferometers like the Atacama Large Millimeter/sub-
millimeter Array (ALMA), resolved observations of star-forming
clouds subject to feedback from nearby high-mass stars is now a
reality. In this paper, we consider recent spatially-resolved observa-
tions of a small (radius ∼ 1′′), tadpole-shaped globule in the Carina
Nebula, which is shown in Figure 1. Ionizing radiation from nearby
Tr16 slowly evaporates the system (Reiter et al. 2019, hereafter Pa-
per I) while illuminating the globule and the HH 900 jet+outflow
system that emerges from it (Smith et al. 2010; Reiter et al. 2015).
The jet+outflow demonstrates that the globule is star-forming, al-
though its density is so high that the jet-driving source is only seen
with ALMA (Reiter et al. 2020, hereafter Paper II). The dynamical
age of the jet is . 5000 yr, indicating that the protostar is much
younger than the nearby Tr16, where the most massive stars have
already evolved off the main sequence (suggesting an age > 3Myr,
see e.g., Walborn 1995; Smith 2006a). This hints that star formation
in the globule happened recently, possibly under the influence of
feedback (e.g., Bertoldi 1989).
In this paper (Paper III), we combine observational diagnostics
from MUSE and ALMA (Papers I and II, respectively) to under-
stand how the external environment has affected the formation and
evolution of the system.
2 DATA
2.1 MUSE
Observationswith theMUSEvisualwavelength panoramic integral-
field spectrograph on the VLT using the MUSE+GALACSI Adap-
tive Optics (AO) module in Wide Field Mode (WFM) were ob-
tained on 03 April 2018. The AO-assisted observations provide
∼ 0.8′′ imaging over the 1′ × 1′ field-of-view. MUSE spectra cover
a nominal wavelength range of 4650 − 9300 Å with a gap between
∼ 5800 − 5950 Å due to the laser guide stars for the AO system
and provide spectral resolution of R=2000-4000, corresponding to
a velocity resolution of ∼75–150 km s−1. A single-pointing with
MUSE covers the full extent of the tadpole globule and HH 900
jet+outflow system. The total on-source integration time was 720 s.
A full description of the MUSE data may be found in Paper I.
2.2 ALMA
ALMA Band 7 and 6 observations of the HH 900 globule were
obtained in 2016 and 2017, respectively. The spectral setup targeted
the J=3-2 rotational transitions of 13CO and C18O, as well as the
J=2-1 transitions of 12CO, 13CO, and C18O. Velocity resolution of
all observed lines is. 0.1 km s−1, with resolution ranging between
0.06–0.16 km s−1. The synthesized beamsizes of the reduced data
range typically between 0.′′1–0.′′2, corresponding to a spatial reso-
lution 230–460 au at the distance of Carina (2.3 kpc; Smith 2006b).
A more complete description of the observations and data reduction
can be found in Paper II.
2.3 The distance to Carina
Several distance estimates for Carina exist in the literature. Un-
even reddening over the region has been a persistent challenge for
photometric distance estimates. More direct measures, like parallax
data from the Gaia mission, can help in this regard. Despite these
challenges, many, though not all, distance estimates are consistent
within the uncertainties.
In this paper, we adopt the estimate from Smith (2006b) who
derived a distance of 2.3 ± 0.05 kpc from the kinematics of the ex-
pandingHomunculus nebula surrounding η Carinae. Other methods
suggest slightly larger distances. Hur et al. (2012) estimate a dis-
tance of 2.9 ± 0.3 kpc from main sequence fitting while Povich
et al. (2019) use Gaia parallaxes to derive 2.5+0.28−0.23 kpc. We adopt
2.3 kpc as the most conservative choice. If the true distance is larger
than this value, the estimated size of the globule will increase by
∼ 10−25% and the estimated density will decrease by ∼ 15−25%.
3 INTERNAL KINEMATICS
3.1 Evidence of on-going environmental impact
In projection, the tadpole globule appears to lie 2.8 pc from Tr16.
The globule is seen in silhouette in optical images, suggesting that
it may lie in front of the bulk of the bright ionized nebulosity. If
this is the case, the globule may be relatively unaffected by the
environment. However, in Paper I, we used the physical proper-
ties of the ionization front to estimate an incident ionizing flux of
log(QH ) ∼ 48.3 s−1, similar to the ionizing photon flux from a
late O-type star, suggesting Tr16 affects the globule. Additional ev-
idence comes from the HH 900 jet+outflow system associated with
the globule. The ionization in the jet+outflow increases with dis-
tance from the globule; that is, the longer the jet+outflow is in the
H ii region, the more highly ionized it becomes. This suggests that
the environment is ionizing both the jet+outflow and the globule.
Bertoldi (1989) explored how the stability of initially neutral
clouds depends on the column density and the strength of the inci-
dent radiation. The physical properties of the ionized gas measured
in Paper I suggest an ionization front on the globule surface that
is strong enough to compress the cloud for all mass estimates of
the globule (which range from 14 MJupiter to ∼ 3.9 M ; these all
fall in region II in Figure 1 of Bertoldi 1989). The tadpole-shaped
globule is clearly star-forming, although whether its formation was
triggered by the external feedback is difficult to prove (e.g., Dale
et al. 2015).
Nevertheless, the environment clearly continues to affect the
physical properties in the globule. Data presented in Paper II sug-
gests that the globule has a positive radial temperature gradient
with hotter gas near the surface of the globule while gas deep in
the interior remains cold (T < 30 K). Three lines of evidence sug-
gest this temperature structure: (1) limb-brightened optically thick
12CO emission that is interpreted as higher temperatures near the
surface of the globule; (2) a relatively flat spectral energy distribu-
tion of themillimeter continuum emission detected near the HH 900
MNRAS 000, 1–12 (2015)
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Figure 1. Left: The location of the tadpole-shaped globule within the context of the Carina Nebula shown on a narrowband optical image ([O iii]=blue,
Hα=green, [S ii]=red; North is up, East is to the left; image credit: Nathan Smith, University of Minnesota/NOAO/AURA/NSF). The Tr16 star cluster is located
near the top of the image and includes the evolved star η Carinae. We also note the location of the candidate neutron star identified by Hamaguchi et al. (2009).
Right: A zoomed-in view of the tadpole-shaped globule and the HH 900 jet+outflow system shown on an Hα image from HST.
YSO that is best fit with models that have lower dust temperatures
(T . 30 K) and low β (for a dust absorption coefficient that be-
haves as κν = κ0(ν/ν0)β); and (3) the serendipitous detection of a
deuterated species, DCN J=3-2, in the immediate environs of the
HH 900 YSO. Deuterated species typically trace cold gas, where
CO has frozen out of the gas phase (e.g., Bergin & Tafalla 2007;
Caselli & Ceccarelli 2012).
3.1.1 Comparing pressures
To test whether external feedback is currently compressing the glob-
ule, we compare the present-day pressure of the ionization front with
the internal support of the globule (as in Smith et al. 2004). Using
the physical properties in the ionization front derived in Paper I, we
compute the pressure in the ionization front using the expression
PIF = nekTe + mHnev2 (1)
where ne ≈ 200 cm−3 is the electron density, k is the Boltzmann
constant, Te ≈ 104 K is the electron temperature, mH is the mass of
hydrogen, and v ≈ 11 km s−1 is the flow speed, assumed to be the
sound speed of ionized gas. This expression includes both thermal
pressure (first term) and back pressure from the photoevaporative
flow (second term) which are of similar magnitude (as noted by
Smith et al. 2004).
The pressure inside the neutral globule is given by
P0 =
ρ0
µmH
kTcold + ρ0σ
2 +
B2
8pi
= ρ0
[(σthermal
2
)2
+ σ2turb
]
+
B2
8pi
(2)
where ρ0 is the mass density, µ = 2.37 is the mean molecu-
lar weight, σ is the velocity dispersion, and B is the strength of
the magnetic field. Equation 2 represents the summation of the
thermal, turbulent, and magnetic pressures. We estimate the mass
density and turbulent velocity dispersion from the C18O which
appears to be the least optically thick isotopologue and unaf-
fected by the outflow. In Paper II, we found the median C18O
linewidth (FWHM) to be ∆v = 1.4 km s−1, corresponding to
σC18O = 0.59 km s−1 (using ∆v = 2
√
2 ln(2) σ). Assuming a
temperature Tcold = 30 K for the cold, molecular gas in the glob-
ule, we estimate the thermal velocity dispersion as σC18O,thermal =
√
2kT/mC18O = 0.13 km s−1. To compute the turbulent velocity
dispersion, we subtract the thermal component from the total disper-
sion, σ2turb,1D = σ
2
C18O−σ2C18O,thermal. We convert this 1D estimate
to a 3D velocity dispersion using σturb =
√
3σ1D ≈ 1.0 km s−1.
The thermal velocity dispersion of the molecular gas in the
globule is σthermal,1D =
√
2kBTcold/µmH = 0.46 km s−1. This is
similar to the turbulent velocity dispersion we compute from C18O,
σturb,1D = 0.58 km s−1, suggesting that they contribute roughly
equally to the support of the globule.
Neglecting magnetic pressure, we find PIF/P0 ≈ 0.009which
indicates that the pressure of the ionization front does not currently
drive the dynamics of the tadpole. Including a non-zero magnetic
field will increase the pressure in the neutral gas. While the high
ionizing flux incident on the system suggests it will be susceptible
to radiatively-driven collapse (see Section 3.1), the high density and
dominant neutral gas pressure suggest that collapse due to external
pressure may have already happened.
Smith et al. (2004) performed a similar analysis for another
globule in Carina, the so-called Defiant Finger. The pressures in the
Finger appear better matched with PIF/P0 ≈ 0.5, leading Smith
et al. (2004) to suggest that RDI may compress the globule and
trigger star formation in the future. Compared to the tadpole glob-
ule, the electron density in the ionization front is 20× higher in the
Finger (Smith et al. 2004; McLeod et al. 2016) while the turbulent
velocity dispersion, estimated from single-dish (unresolved) molec-
ular line observations from Cox & Bronfman (1995), is 1.1 km s−1,
remarkably similar to the tadpole (1.0 km s−1). Smith et al. (2004)
estimate that the density of the cold molecular gas in the Finger is
two orders of magnitude lower than we find in the tadpole (Paper II).
Unlike the tadpole, the Finger shows no sign of star formation.
3.1.2 Estimating the critical ionizing flux
Bisbas et al. (2011) explored triggered star formation in clouds
exposed to an external source of ionizing radiation. Higher fluxes
produce ionization fronts that rapidly penetrate clouds, reducing
the fraction of cloud mass converted to stars and the mass of stars
formed. Above a critical threshold, Φcrit & ΦLyC, clouds are dis-
persed without forming stars at all. Bisbas et al. (2011) define the
MNRAS 000, 1–12 (2015)
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critical ionizing flux (their equation 10) as
Φcrit = 6 × 1013cm−2s−1
(
Mcloud
M
)−3
(3)
where Mcloud is the cloud mass. Using the globule mass from
Paper II, Mcloud ≈ 1.9M , we find Φcrit ≈ 8.7 × 1012 cm−2 s−1.
In Paper I, we estimated that the flux of ionizing photons
that reaches the surface of the globule is log(QH ) ∼ 48.3 s−1,
corresponding to ΦLyC ≈ 2.1 × 109 cm−2 s−1 (assuming that the
center of Tr16 is at a projected distance D = 2.8 pc). This is more
than three orders of magnitude below the critical flux.
We note that η Carinae dominated the ionizing photon lumi-
nosity of Tr16 until recently, alone providing log(QH ) ∼ 50.77 s−1
from a projected distance D = 3.5 pc. This corresponds to
ΦLyC ≈ 4.1×1011 cm−2 s−1, a factor of ∼ 20 lower thanΦcrit. Even
this more extreme estimate places the globule firmly in the region
of parameter space susceptible to star formation. Uncertainties in
the distance between the globule and the ionizing sources as well as
changes in the ionizing flux from Tr16 (especially as the high-mass
stars like η Car evolve off the main sequence) may produce different
incident fluxes as a function of time.
3.1.3 Cold gas kinematics
The incident ionizing flux seen by the globule is belowΦcrit, indicat-
ing favorable environmental conditions for star formation. However,
the current pressure inside the high-density globule (n & 106 cm−3)
far exceeds that of the ionization front. The average density in the
globule is more than two orders of magnitude larger than the initial
central density (∼ 103.5 cm−3) of the Bonnor-Ebert sphere in the
simulations of Bisbas et al. (2011). Such circumstantial evidence
hints that the globule has already been compressed. Global infall,
seen in the cold gas kinematics, would provide more compelling
evidence.
Self-absorbed molecular line profiles seen in other sources,
particularly those that display a blue asymmetry, have been inter-
preted as evidence of infall (e.g., Walker et al. 1986; Tafalla et al.
1998; Di Francesco et al. 2001; Narayanan et al. 2002). This is not
observed in the tadpole; line profiles of all of the CO isotopologues
tend to be single-peaked. In Paper II, we argue that a positive radial
thermal profile can explain the absence of self-absorbed profiles as
hot intervening material will not absorb emission from the colder
inner regions, and emission closer to the line peak traces warmer,
more external gas.
Unlike other studies, we spatially resolved the cold molecular
gas and its kinematics. We examine line profiles as function of
position in Figure 2. Profiles of each isotopologue are extracted from
a rectangular grid where the width of each box is roughly twice the
diameter of the beam.While single-peaked, most of the line profiles
in Figure 2 are not Gaussian. Pervasive line asymmetries that skew
blue have been interpreted as evidence for infall (e.g., Walker et al.
1986; Gregersen et al. 1997; Mardones et al. 1997; Lee et al. 1999;
Wu&Evans 2003; Fuller et al. 2005; Reiter et al. 2011). To quantify
the line asymmetries in the tadpole globule, we use the streamlined
asymmetry analysis from Jackson et al. (2019). The asymmetry
parameter A is defined as:
A =
Iblue − Ired
Iblue + Ired
(4)
where Iblue and Ired are the integrated intensities blueward and red-
ward, respectively, of the vLSR. This parameter is independent of
assumptions about the line shape and provides a simple quantitative
assessment of the amount of flux in the line profiles at velocities
bluer than the vLSR. For symmetric line profiles, A = 0; blue-
asymmetric profiles have positive values (A > 0) while lines that
skew red have negative values (A < 0). We perform this spatially-
resolved analysis for the J=2-1 transition of all three CO isotopo-
logueswhere the line peak is detectedwith> 6σ significance.Maps
of A computed as a function of position across the tadpole head are
shown in Figure 2.
Using this approach, line profiles appear to be blue overall,
with redder line asymmetries around the redshifted side of the out-
flow. This is most clearly seen in 12CO although redder line profiles
are seen in the same portion of the globule in the 13CO and C18O
maps, even though outflow emission appears to be optically thin
(see Paper II). The extent to which the outflow influences the global
kinematics of the globule is unclear. Given the relatively wide open-
ing angle of the outflow (∼ 50◦), most of the energy and momentum
may be deposited outside of the cloud. However, if the evolution of
the outflow cavity is on-going, the outflow may continue to drive
larger-scale motions within the globule.
One additional source of uncertainty in this analysis is the
vLSR as none of the detected molecular lines have Gaussian profiles,
although multiple tracers are consistent with vLSR = −33.5 km s−1
(Paper II).
Position-velocity (P-V) diagrams provide another perspective
on the spatially-resolved gas kinematics. P-V diagrams of all of the
observed CO lines and isotopologues are shown in Figure 3. High-
velocity features seen in both of the 12CO J=2-1 P-V diagrams trace
the molecular outflow associated with HH 900. All diagrams show a
C-shaped morphology in the globule head; this has been interpreted
as infall in other sources (e.g., Keto 2002; Keto et al. 2006).
3.2 Gravitational boundedness of the outer globule
In Paper I, we used MUSE to detect a photoevaporative wind em-
anating from the globule. In Paper II, we presented evidence for
heating of the surface layers (see also Section 3.1). We know there
is an ionised photoevaporative wind and warm molecular upper
layer, but where is the wind actually launched? Is there a slow warm
photodissociation region (PDR) flow before the photoionised flow
traced by MUSE, or instead a contact discontinuity at the ionisation
front? Understanding the degree of boundedness of the warm outer
layers of the globule interior to the photoionised wind could also
constrain the mass (both in stars and gas) within the globule.
The gravitational radius is that at which the thermal energy
exceeds the gravitational energy (e.g. Hollenbach et al. 1994):
Rg =
GM
c2s
, (5)
and material with some sound speed cs at a distance R > Rg from
a mass M will be gravitationally unbound.
We plot the gravitational radius in terms of the globule-star
mass and temperature in Figure 4. A point on this plot represents
material at some temperature, exterior to some amount of enclosed
mass. The colourscale then represents the gravitational radius –
the distance at which the material of that temperature would be
unbound from the enclosed mass. If the actual distance of material
is less than the gravitational radius then it would be gravitationally
bound. Similarly if the actual distance of material from the enclosed
mass is greater than the gravitational radius, it is unbound. The black
curve in Figure 4 is the contour where the gravitational radius is
equal to the radius of the globule (2500 au). The outer molecular
layers will only be unbound if they have temperatures above this
MNRAS 000, 1–12 (2015)
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Figure 2. Top: Moment 0 map of the 12CO J=2-1 emission with a grid showing the regions used to extract the spatially-resolved line profiles shown below.
Red and blue contours show the HH 900 bipolar outflow (integrated CO J=2-1 emission from [–30,–11] km s−1 and [–57,–36] km s−1, respectively). Left:
Spatially-resolved line profiles with a dotted line indicating the vLSR = −33.5 km s−1 overplotted. Right: Maps of the line asymmetry quantified using the A
parameter from Jackson et al. (2019), see Section 3.1.3.
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outflow
outflow
Figure 3. Position-velocity (P-V) diagrams showing gas velocities along
cuts parallel and perpendicular to the outflow axis (top). Emission in the
P-V diagrams is summed over slices 0.25′′ wide. High-velocity gas in the
12CO diagrams traces the HH 900 molecular outflow.
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Figure 4.Each point on this plot represents the radius beyondwhichmaterial
at a given temperature will escape from some enclosed (star+globule) mass.
The black contour denotes where the gravitational radius is the size of the
globule (2500 au). The horizontal lines separate cold gas, the photodissoci-
ation region and photoionised gas temperatures. Since we infer 60 − 100K
in the outer part of the glouble, we expect that outer molecular parts of the
globule are bound. The windwill be driven in the warmer PDR (T > 300K),
which is expected to be thinly separated from the ionisation front in this case.
contour (and hence a gravitational radius interior to the globule
outer edge).
For a globule radius of 2500 au and interior mass from 0.5
to 2M we find that the warm outer regions (60 − 100K) that we
observed are most likely to be gravitationally bound. Material is
only expected to be liberated in the warmer PDR (T >∼ 200K).
Thewidth of this warmer PDR zone interior to the ionisation front is
unknown, but thin given the relative location of theMUSE emission
(Paper I). This is consistent with a relatively dense post-collapse
globule that is not undergoing widespread loss of its outer layers.
The interior kinematics of the globule are hence unlikely to be
associated with strong bulk thermal expansion of the outer layers
of the globule. A species such as CI may offer a probe of the inner
∼ 300K wind-launching region.
3.3 Interpreting the position-velocity diagram morphology
The spatially-resolved line profiles of the globule do not exhibit
non-symmetric double-peaked shapes characteristic of global infall
or outflow (e.g. Myers et al. 1996; Smith et al. 2012). This, coupled
with the fact that there is an embedded YSO, suggests that this glob-
ule is in the post-RDI phase where it is undergoing less dramatic,
relatively steady photoevaporation.
The P-V diagrams made from cuts across the globule show
more interesting and complicated kinematic structure. There is a
characteristic C-shaped morphology that appears for cuts both per-
pendicular and parallel to the HH 900 jet+outflow system and ap-
pears in all of the CO isotopologues (Figure 3). This could possibly
arise from ongoing infall (perhaps feeding the high accretion rate
that is usually associated with jet launching) if the continuum opti-
cal depth were high enough to obscure any infall from the far side
MNRAS 000, 1–12 (2015)
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of the globule. For lower continuum optical depths, emission would
trace a full loop in the P-V diagram. Note that the continuum opacity
(not the line opacity) is critical to obscure emission from the far side
of the globule, otherwise the far side will still be observed owing to
the different velocity in the line, e.g. as a blue-asymmetry (Smith
et al. 2012).
To assess whether this is possible, we compute the column at
which the continuum would be optically thick. That is, where
τν = κνNH2
2.7mH
100
= κνNi
2.7mH
100Xi
= 1 (6)
for species i with abundance Xi and column Ni where the opacity is
per gram of dust. The factor of 2.7 is the mean mass per hydrogen
molecule. We estimate the opacity using Draine (2003) silicates
with a minimum grain size of 0.1 µm, a maximum size of 1 mm,
and a power law of distribution of p = 3.2. This is a more evolved
grain distribution than typically adopted in the ISM but consistent
with evidence for grain growth in the globule (see Paper II) and
will act to increase the opacity of the CO J=2-1 line relative to a
less evolved dust population. The absorption opacity we adopt is
κabs ≈ 2.5 cm2 g−1. Assuming abundances by mass relative to H2
of 8 × 10−5, 8.7 × 10−6 and 1.7 × 10−7 for 12CO, 13CO and C18O
respectively, we find that the continuum would be optically thick for
CO columns of
N12CO, crit = 7.1 × 1020cm−2, (7)
N13CO, crit = 2.4 × 1019cm−2 (8)
and
NC18O, crit = 1.5 × 1018cm−2. (9)
All of these critical columns exceed the column densities reported
in Paper II by roughly two orders of magnitude (well in excess of
uncertainties on the relative abundances). The scattering opacity
can further increase the extinction by a factor 5-10, but this is still
insufficient to render the continuum optically thick. The C-shape
morphology cannot therefore be due to some process happening
over the entire globule surface with dust obscuring the far side
of the globule. If the globule outer layers were all expanding or
collapsing we should be able to see it happening on the far side,
which would give a ring rather than a C-shape.
Other scenarios, including a molecular wind from the surface
of the globule being blown toward the observer, are also difficult to
reconcile with the data. Any such wind would have to be molecular
in order to produce the C-shape in the P-V diagrams in Figure 3. This
is only possible if the outer molecular layers are unbound, but this
is not expected based on the analysis in Section 3.2. Only warmer
(neutral and/or ionised) gas is unbound andmay be launched in such
a wind from the globule surface. Our simple analysis does not take
into account other external influences on the globule (i.e. stellar
winds from the nearby O-type stars) that may lead to more complex
bulk dynamics (e.g., Bally et al. 1995). We cannot ascertain exactly
what is responsible for the C-shape, but can say that it is not an
expanding or collapsing spherical globule.
4 BULK KINEMATICS OF THE GLOBULE
4.1 The unusual velocity of the tadpole
In Paper II, we measured a vLSR = −33.5 km s−1 for the HH 900
YSO and globule, which is & 10 km s−1 bluer than the typical ve-
locity of themolecular gas in the direction of Carina (∼ −20 km s−1,
Rebolledo et al. 2016). Gas in the tadpole tail is further blueshifted
relative to the globule velocity, with emission extending up to
∼ −37.5 km s−1 (see Figure 3). Emission from the system is spa-
tially and spectrally continuous, with a smooth increase in velocities
from the head of the tadpole through the tail, suggesting that the
features are physically associated.
4.2 Why is the tadpole travelling so fast?
The tapdole has a blue-shifted bulk velocity of 10 km s−1 relative
to the local standard of rest, which is far in excess of the ∼ 1 km s−1
turbulent velocity dispersion in the nearbymolecular gas (Rebolledo
et al. 2016). We now explore whether this could be a consequence
of the globule formation mechanism, or a consequence of the stellar
irradiation driven rocket effect.
4.2.1 A globule born at high speed?
There are two primary classes of globule formation within star
forming regions. In the first class, globules are associated with
supernova events and have very high velocities. In the Crab Nebula,
globule velocities can be as high as 60–1600 km s−1 (Grenman et al.
2017) and in the Rosette the expansion velocity of the shell, pillars
and globules are all ∼ 22 km s−1 (Gahm et al. 2013b).
A supernova event could be responsible for the high velocity
of this tadpole globule. In Carina, there is a candidate neutron
star identified by Hamaguchi et al. (2009) at a projected distance
from the globule that is similar to the projected distance of η Car
(∼ 3.5 pc; see Figure 1). However, beyond this neutron star we have
very limited understanding of when and how a supernova may have
gone off in this region. Furthermore, the mechanism for producing
globules from supernova events is also quite uncertain.We therefore
note that a supernova is a possibility, but focus our attention on the
second class of mechanism, which involves the interplay between
ionising radiation and the surrounding ISM.
To discuss how ionising radiation can contribute to producing
globules, we need to briefly summarise the broad behaviour of
H ii regions. For the simplest case of a star emitting Nly ionising
photons per second into a uniform medium of number density n,
gas is quickly ionised within a sphere of “Strömgren” radius
Rs =
( 3Nly
4piαBn2
)1/3
(10)
where αB is the case B recombination coefficient for hydrogen. This
Strömgren sphere is overpressured relative to the ambient ISM and
so expands in time as
RI = rs
(
1 +
7
√
4ci t
4
√
3Rs
)4/7
(11)
in the limit that the H ii region number density does not drop to so
low a level that the ionised and neutral pressures become compara-
ble (Hosokawa & Inutsuka 2006; Bisbas et al. 2015; Williams et al.
2018). The intial speed of this expanding region is hence approxi-
mately the ionised gas sound speed (ci = 11.5 km s−1 for 8× 103 K
gas), but decays as
ÛrI =
√
4√
3
ci
(
1 +
7
√
4ci t
4
√
3rs
)−3/7
. (12)
With this in mind, common frameworks for globule production
associated with ionising radiation are:
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Figure 5. Cartoons of the various formation mechanisms for globules. Top: In shell/pillar instability an expanding shock/ionisation front becomes unstable.
This results in a pillar that itself fragments to form globules. Since the pillar propagates more slowly than the shell, the globule velocity is initially slower than
the shell. Middle: In the second mechanism, a shell can impact a pre-existing clump or filament. In this case a pillar forms and fragments, but the globule
velocity may also inherit kinematic characteristics of the precursor cloud. Bottom: In the third mechanism the globules already reside in the neutral ISM and
are exposed when the region is irradiated. These will have velocities limited by the turbulent velocity dispersion. None of these mechanisms can give velocities
faster than the sound speed and hence (typically) the expanding shell.
Figure 6. An illustration of the photoevaporative rocket effect, wherein one side of a globule is irradiated leading to a wind, which causes the globule to
propagate in the opposite direction. This can accelerate globules to speeds in excess of the sound speed (see Figure 7).
(i) Shell/pillar instability: In this model the expanding H ii re-
gion sweeps up a shell that becomes dynamically unstable to form
pillars (also referred to as “elephant trunks”, Frieman 1954; Garcia-
Segura & Franco 1996). Forming from the shell, these pillars move
outward from the ionising source with velocities comparable to
(slightly lower than) the H ii region expansion speed. Globules re-
sult from fragmentation of these pillars. In the absence of further
acceleration, the globules have an outward velocity lower than the
H ii region expansion speed at the time they detached from the shell.
The initial H ii region expansion speed is similar to the current
speed of the tadpole (∼ 10 km s−1), but the expansion speed halves
in only a few hundred thousand years. Pillars/globules formed this
way have an outward speed that is lower than the shell of the H ii
region, making this formation mechanism an unlikely explanation
for the high tadpole velocity.
(ii) Pre-existing overdensity fragmentation: This mechanism
differs from the first in that pillars form from pre-existing overden-
sities (e.g., filaments) rather than as a result of instability in the shell
(e.g. Mackey & Lim 2010; Dale et al. 2013). As in the first case,
globules form from fragmentation of this structure.
In this framework, the pillar and resulting globule may have
a systematically different velocity compared to the expansion of
the H ii region, but differences are constrained by the turbulent
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velocity dispersion of the region. Therefore, this mode of globule
formation cannot explain the tadpole velocity, which is in excess of
the turbulent velocity dispersion.
(iii) An exposed pre-existing globule: In this scenario, globules
already exist in the turbulent neutral ISM. By virtue of being over
dense, they are more resilient in the face of the radiation field that
ionises the ambient gas (e.g. Tremblin et al. 2012, 2013).
This mechanism also requires that the globule motions are within
the turbulent velocity dispersion and so cannot explain the observed
tadpole velocity.
A schematic summary of these different formation processes is
given in Figure 5. In summary, none of these globule formation
mechanisms can explain the observed tadpole velocity. Unless the
high globule velocity resulted from a supernova, this implies that
the globule must have been subsequently accelerated.
4.2.2 A rocket-driven tadpole?
Since the tadpole seems unlikely to have formed with its current
velocity, it must have been accelerated (to some extent at least)
at a later time, most likely through the photoevaporative rocket-
effect (e.g. Mellema et al. 1998). In this mechanism a flow is driven
from the irradiated side of the globule. Momentum is conserved,
so the momentum flux from the evaporating material ejected from
the globule imparts a force of equal magnitude that accelerates
the globule in the opposite direction, as illustrated in Figure 6.
Globules are indeed accelerated to high speeds in simulations of
photoionisation feedback in star forming regions (e.g. Henney et al.
2009).
Wemake our own basic assessment of themotion of the tadpole
under the rocket effect using a simple semi-analytic approach. We
consider the equation of motion of an evaporating clump of mass
Mc , radius Rc with evaporative outflow speed vp at a distance D
from an ionising source. Motion away from the ionising source is
positive (and motion toward is negative). The equation of motion is
given by
Mc ÜD + ÛMc
[ ÛD − vp ] = 0 (13)
where the sign of the photoevaporative outflow speed accounts for
the fact that it is in the negative direction. Here we have ignored the
second order effects of gravity from the stellar cluster, ram pressure,
radiation pressure, and the stellar wind. We use a mass-loss rate ÛMc
for an evaporating globule from Mellema et al. (1998)
ÛMc = −F ′µmHpi
(
piRc
2
)2
(14)
where
F ′ = Fo
(1 + αBFoRc3c2i )
1/2 (15)
and Fo is the geometrically diluted ionising flux at the clump. We
assume that the photoevaporative outflow is launched at the sound
speed of ionised gas.
For the evolution of the globule radius with mass we take a
two-component approach to emulate the process of more dramatic
RDI followed by a phase of steady evaporation of a collapsed glob-
ule. From the models of Henney et al. (2009), the early phase of
compression leads to a factor ∼ 2 reduction in neutral mass and fac-
tor ∼ 8 reduction in radius in the first 0.8Myr. We therefore initially
evolve the radius as Rg ∝ M3g , and then after 0.3Myr assume that
the evaporation is slow and steady and the globule density remains
constant (i.e. Rg ∝ M1/3g ).
With the above framework we find that an initial globule mass
of ∼ 3.3M and radius of 12500 au starting with zero velocity at a
distance of 1.2 pc from the ionising source of 1050 s−1 can broadly
reproduce the mass, radius, velocity, position and mass-loss rate of
the globule, as shown in Figure 7. These initial conditions also have
an ionising flux Φ/Φcrit = 0.35 (see equation 3) so star formation
could still take place through RDI. These parameters are degenerate
with others that would satisfy the currently observed conditions
and we do not claim to have a model for the evolutionary history
of the globule. Nevertheless, the rocket effect provides a plausible
explanation for the high velocity of the tadpole whereas none of the
formation mechanisms described in Section 4.2.1 can explain the
kinematics of the globule on their own.
5 TRIGGERED STAR FORMATION?
5.1 Bending of the HH 900 jet
Protostellar jets in stellar clusters can be deformed by the environ-
ment (e.g., via stellar winds and/or the rocket effect) and exhibit a
range of shapes (e.g., Bally et al. 2006). In the case of HH 900, the
jet bends toward the main ionising sources, as illustrated in Figure
8. The terminal bow shocks are offset from the continuous inner jet
by ∼ 2.9′′. Reiter et al. (2015) argued that this might be due to the
photoevaporative flow from the dust wall behind the jet, effectively
providing stronger ram pressure.
Jet bending could also result if the globule and the jet-driving
YSO embedded within it are moving fast enough to be noticeably
displaced over the jet traversal time. Imagine a small knot of ma-
terial in the jet. In the reference frame of the YSO, the bipolar jet
(including the knot) is launched in a straight line, perpendicular to
the disk. Once set in motion, the jet knot continues to travel in a
straight line (neglecting any interaction with ambient material in
the globule). However, the globule+YSO are moving perpendicular
to the jet axis, so at a later time, the knot appears to be offset from
current jet axis by an angle θB (see Figure 8). In this case, if the jet
velocity is vjet , the jet length is ljet , and the jet-driving source is
moving at v∗, the origin of the jet will have moved ∆ = ljetv∗/vjet .
To determine if the observed jet bending is consistent with the
outward motion of a globule accelerated by the rocket effect, we
first estimate the traversal time of the globule. The HH 900 bow
shocks are located ∼ 23′′ from the HH 900 YSO, corresponding to
∼ 0.25 pc for a distance of 2.3 kpc. Proper motions indicate that the
transverse velocities of the bow shocks are∼ 60 km s−1 (Reiter et al.
2015), leading to a traversal time ∼ 4200 yr. If the tadpole globule
has maintained a steady velocity of 10 km s−1, it will have moved
the observed ∼ 2.9′′ in ∼ 3200 yr. This rough estimate does not take
into account inclination effects, nor any velocity evolution of the jet
(i.e., material in the bow shocks may have had a faster velocity
in the past leading to a younger dynamical age). Nevertheless, the
similarity of the expected and observed displacement is suggestive,
indicating that motions of the jet-driving source can account for the
jet bending.
The above raises the interesting notion that if the globule has
been accelerated (see Section 4.2.2) and the jet-driving YSO is still
approximately co-moving then star formation must have initiated
once the globule was already up to speed. If the star formed first
and then the globule was accelerated, the star would have been left
behind and there would be no jet bending (at least due to globule
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Figure 7. Semi-analytic models of the evolution of a globule that is being subjected to radiatively-driven implosion and the photoevaporative rocket effect.
Panels are the globule velocity, radius, mass, distance from the ionising source and mass loss rate from left-to-right, top-to-bottom. Observed values for the
tadpole studied here are marked using the horizontal black lines. The model is for a globule with initial mass of 3.3M , initial radius of 12500 au at a distance of
1.2 pc from a 1050 ionising photon per second source. These simple models are not expected to exactly fit all parameters of the globule (which are degenerate),
but do demonstrate that a radiatively-driven implosion plus photoevaporative rocket effect scenario can approximately retrieve all of the observed parameters
at around 0.4Myr.
θB
Figure 8. HST image of the HH 900 jet+outflow systems with lines over-
plotted that show a straight line through the HH 900 YSO (bottom) and the
vectors from the HH 900 YSO that intersect the bow shocks that are offset
from this line by an angle θB . Unlike other jets in H ii regions, HH 900
bends toward the ionizing sources.
motion). If the jet bending is due to the stellar motion, and this
motion was set by the radiation driven acceleration of a globule, this
is suggestive (but not conclusive proof) of triggered star formation.
5.2 An unusual mode of star formation?
The ALMA data presented in Paper II revealed the embedded YSO
that drives the HH 900 jet+outflow for the first time. It appears to
be a single star surrounded by at least 1 M of dust, roughly 50%
of the estimated mass of the globule. While we do not have a direct
estimate of the mass of the YSO (see Paper II), the high mass-loss
rate of the HH 900 jet+outflow system is among the highest of
the known jets in Carina (Smith et al. 2010) leading Reiter et al.
(2015) to suggest a driving source mass& 2M . This suggests that
the HH 900 YSO will be at least an A-type star, among the earlier
spectral types where the companion frequency is ∼ 100% (Duchêne
& Kraus 2013). The separation distribution for A-type stars appears
to peak around ∼ 100 au (Duchêne & Kraus 2013), similar to the
spatial resolution of our ALMA data (see Paper II). A possible a
second peak of close-separation sources around A-type stars (see,
e.g., Murphy et al. 2018) would be unresolved with our ALMAdata.
The Jeans length, λJ ∝ (T/ρ)1/2, indicates that lower den-
sity gas will be unstable at lower temperatures. Regions like Carina
that have significant radiative feedback may have higher tempera-
ture gas that will be more stable against fragmentation. In a recent
study of two regions in Carina subject to different amounts of feed-
back, Rebolledo et al. (2020) find that the warmer, more intensely
irradiated region hosts fewer but higher mass cores than the more
quiescent region. If the HH 900YSO is truly a single star despite the
high companion fraction for stars of similar mass, then higher gas
temperatures in the tadpole-shaped globule may have suppressed
fragmentation.
6 CONCLUSIONS
In this paper, the third in a series, we consider the history and fate
of a small tadpole-shaped globule located in the Carina Nebula. We
compare results from optical integral field spectroscopywithMUSE
(Paper I) and millimeter maps from ALMA (Paper II) with theoret-
ical models to estimate how the environment affects the observed
properties of the globule.
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Observations provide clear evidence that the environment con-
tinues to affect the globule, for example, by heating gas on the sur-
face of the globule. We make multiple estimates of the past and
present impact of feedback and how it may have affected the evolu-
tion of the globule. The current pressure of the ionization front does
not dominate over neutral gas pressure in the high-density globule.
Internal gas kinematics are ambiguous, but line profiles and P-V di-
agrams do not display traditional signatures of infall. Cold material
seen with ALMA is gravitationally bound, consistent with a dense
globule that is not experiencing widespread loss of its outer layers.
Together, this suggests that the globule is in a post-collapse phase.
Within the context of the Carina star-forming complex, the
tadpole-shaped globule is blueshifted ∼ 10 km s−1 relative to the
systemic velocity of Carina. This velocity difference is too high to be
explained by turbulence, suggesting that the globule was accelerated
away from the high-mass stars in Carina by the photoevaporative
rocket effect. The HH 900 jet+outflow system bends toward the
ionizing sources and we find that jet bending is consistent with the
expected displacement if the jet-driving source and its natal globule
have been accelerated by the rocket effect. This outward motion
of star+globule is only possible if the star formed after globule
acceleration, indicating that the formation of the YSO may have
been triggered by RDI.
We find that these features can be explained by a scenario in
which the globule was originally much larger and closer to the ion-
izing sources. Radiatively-driven implosion accelerated the globule
to the high observed speeds through the photoevaporative rocket
effect and triggered the formation of the star that now drives the
HH 900 jet+outflow. In this picture, the globule may now be in a
quasi-steady state, post-collapse phase.
Finally, the data are consistent with a single star forming in the
globule, despite the high companion frequency observed for stars
of similarly high mass. If the YSO is in fact a single star, this would
be unusual, suggesting that feedback may have heated the gas and
thus suppressed fragmentation in the globule.
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